Introduction
Outdoor space of a city 1s regarded as a succession of urban canyons. Each canyon is characterized by the parameters for urban design; the shape and configuration of buildings, land covering materials. etcll. Thermal environment in an urban canyon, which is formed according to these parameters, has a direct influence on the comfort for outdoor activities 21 ; from a macroscopic point of view it forms an urban climate' 1 , and from a microscopic point of view it largely affects the indoor microclimate. However, a few instances of urban design have been interested in the formation of outdoor thermal environment. Fundamental information of the formation of outdoor thermal environment for urban design is much less than that of indoor environment.
As for land covering materials, the surface temperature of materials is supposed to have a considerable influence on thermal environment 41 and several examples of field observation have been reported 51 • The studies of heat balance at the surface are not satisfactory yet though it is decisive of the surface temperature, because some important conditions such as the nature of land covering materials, vegetation and solar shading are not fully considered'!. 71. Several examples of field observation of thermal environment in urban canyons have been reported' 1 , but no example includes the simultaneous measurement of not only air temperature but also other three thermal factors; namely, globe temperature, humidity and wind speed, and the estimate of a composite thermal index. Effects of vegetation on thermal environment have been variously pointed out. Only a few examples include quantitative measurement of the effects of vegetation ; for example, solar shading effects of a single tree 91 or a wisteria trellis 10 I. This paper describes the results of field observation about the formation of thermal environment in an urban canyon in the summer with the purpose of acquiring above-mentioned fundamental information for urban design. Influence of land covering materials on the heat balance at the surface is examined on the basis of the field observation. The differences in thermal environment formed above each land covering material and the effects of a shade tree on thermal environment are discussed. * Dr. Eng., Professor, Kyushu University ** Japan IBM ·Corp. *** Graduate Student, Kyushu University (Manuscript received March 10, 1986) 
Outline of field observation

1 The urban canyon
The experimental urban canyon is located in southeast of the city of Fukuoka, about 10 km inland of the bay.
Intensive observations have been undertaken during the period 19-22 August 1985 inclusive. The weather has been characterized by continually clear skies with cloudy intervals; that is, typical of the summerly weather.
The experimental work in the field is conducted at three measuring sites as shown in Fig. 1 . The canyon is situated between two 5-story buildings and oriented with the along-canyon axis in a north-south direction. The south end opens onto a small street and the north end is enclosed with a I-story building.
The buildings have some fenestration and the walls are painted with several coats of light-gray paint. 
10,30c111
Soi I temperature
Ground surface C-C Ther1110-couple(0.3nun¢) 2,5, 10'c111 under ground Net, radiation Pyrradi011eter 20c.
(Upvard, Do\Jnward)
* at the lawn only Fig, 2 Actual condition of the shade tree of Site Q) and Site® are covered with asphalt and lawn, respectively. Site@ is located in the shadow in the vicinity of the foot of a singly grown tree whose height and width are about 5 m. Figure 2 shows the situation. Electric resistance type high-polymer hygrometers are employed to meas ure the relative humidity. To eliminate the influence of direct solar radiation and others on humidity measurement the sensors are put in Assmann's aspiratory psychrometers and ·well-ventilated. The humidity is meas ured at 10, 30, 100 cm above the lawn surface and at 100 cm above the pavement. Vertically uniform humidity is supposed above the pavement_ Data of the above-mentioned items are recorded automatically by a data acquisition system once every 5 minutes.
In the figures these data are subsequently reduced to half-hour averages. · A non-contact infrared thermometer is employed to measure the surface temperatures of the buildings and the lawn at recording intervals of 15 minutes during the day.
As for wind direction and wind speed, two-dimentional supersonic anemometers are arranged at 100 cm above the pavement and the lawn surfaces. Their response time is 0. 05 second. Wind speed at heights of 10 and 30 cm is measured by transistor-type anemometers. The signals of wind observation are recorded once every 5 seconds.
Due to the number of measuring instruments, the measurement is carried out simultaneously at Site Q) and Site® in the early two days, then the instruments at Site® are transferred to Site@. So, in the late two days the simultaneous measurement is carried out at Site Q) and Site@.
The location and instrumentation of the field observation are listed in Table 1 .
3. Land covering materials and heat balance at the ground surface 3. l Radiation, surface temperature, underground temperature, air temperature and humidity ratio.
Solar radiation, net radiation, vertical profiles of air temperature, surface temperature, underground temperature and humidity ratio are taken _ up as matters of close concernment of the heat balance at the ground surface.
-32 - These values are added to the global horizontal solar radiation in order to obtain the downward radiation. At night, long-wave radiation is constant at 400 kcal/m'h or so. The maximum of upward radiation is approximately 650 kcal/m'h during the day due to the rise in temperature of the asphalt pavement and the solar reflection. At night upward radiation decreases to approximately 400 kcal/m'h according to the drop of the surface temperature. Figure 4 shows the surface temperatures of the pavement and the lawn, as well as the asphalt and the soil temperatures at depths of 2 cm and 5 cm beneath the surface measuring points. The surface temperature of the pavement is higher than the air temperature by approximately z5°C and the highest value is 60°C. At lhe depth of 5 cm the asphalt temperature is accompanied with lag time and rises to 50 °C or so. Concerning the lawn, the surface temperature does not often exceed 40°C and the soil temperature at the depth of 5 cm does not exceed 33°C. Figure 5 shows examples of the vertical profiles of air temperature above the pavement and the lawn. During the day, the difference between the surface temperature and the air temperature at the height of 10 cm is large above the pavement, but the difference above the lawn is very small.
Above the height of 30 cm, the air temperature is almost uniform and no difference is found between the temperatures above the pavement and the lawn. The figure includes the surface temperature of the lawn. It is higher than that of the soil by 5 or 6°C due to the influence of solar radiation but does not exceed 43°C.
The profiles of humidity ratio above the lawn are also shown in Fig. 5 . The vertical difference in the humidity ratio near the surface has a peak at midday.
2 Net radiation
The net radiation of the ground surface is given by ( 1 ) at the pavement and the lawn. To calculate these terms the data of upward radiation and downward radiation, global horizontal solar During the day, the solar absorption of the pavement is greater than that of the lawn by 200 kcal/m'h and below.
The upward long-wave radiation of the pavement is also greater than that of the lawn by 100 kcal/m'h and below. The difference becomes smaller at night. Both surfaces have almost identical solar absorption. Figure 7 shows the net radiation Rnet obtained by Eq. ( 1 ) and Fig. 6 for both surfaces. Due to the differences in the solar absorption and the long-wave radiation, during the day the Rne• of the pavement is greater than that of the lawn by 100 kcal/m 2 h or so, but at night it is smaller by 50 kcal/m'h and below. With the above-mentioned values, the underground heat flux is calculated by
where t.O is the mean difference between the surface temperature and the temperature at the depth of z cm. Here the temperature at the depth of 5 cm is used. By Eq. ( 2 ) and Fig. 4 , the heat flux in the asphalt is calculated and compared.
As Figure 9 shows the ( Rnet-G) values. When it is assumed that the asphalt pavement is dry during the field observation and evaporation from the pavement is negligible At the lawn, the surface temperature and the soil temperature do not rise to a high degree, so the convective heat flux H is considerably small in comparison with the pavement, and the evaporative latent heat flux IE is supposed to dominate the heat balance. That is, in Fig. 9 ( R. ,,,-G) = ( H +LE) can be assumed at the lawn. The ( Rne,-G) value is about 350 kcal/m 2 h during the day and near to zero at night as well as at the pavement.
The convective heat flux H at the lawn is calculated by applying the ]Urges Equation to the estimate of the convective heat transfer coefficient, by use of the soil surface temperature 8, and the air temperature t at 100 cm above it. The value of H is about 60 kcal/m 2 h during the day. As the soil is covered with the lawn, the convective heat transfer coefficient ac obtained by using the ]Urges Equation is supposed to be overestimated. Figure 11 shows the relation between the difference in humidity ratio (X 0 -Xa) and LE(=Rnei-G-H) at the lawn, wh ere Xo is the saturation humidity ratio at the lawn surface temperature and Xa is the humidity ratio of air at the height of 100 cm. These two values bear a certain correlation. The coefficient of correlation CO is 0. 76 and it can be said that LE is relatively proportional to the ( X,-X. ) value"'· Wind speed varies between 0. 5-3. O m/s. Considering that various environmental factors affect heat and mass transfer during the measurement, these coefficients CO will be acceptable. This analysis is expected to develop into practical use. The air temperature, globe temperature and relative humidity at 30 cm and 100 cm above the ground are compared in Fig. 12( a) for the pavement and the lawn both in sunshine, and in Fig. 12(b) for the pavement in sunshine and the lawn with solar shading by a singly grown tree.
Though the air temperature at Z=30 cm is sometimes partly higher than the temperature at Z=lOO cm by 1or2°C, the difference is generally small as shown in Fig. 5 . The difference in local air temperature at three measuring sites is also small.
The highest globe temperature at the pavement and the lawn in sunshine are almost 45 or 50°C. As for the globe temperatures at Z=30 cm during the day, they are higher than those at Z=lOO cm by 2°C or so at the pavement and by between 2 and 4°C at the lawn. The rise in surface temperature at the pavement and the solar reflection at the lawn can be considered to cause the differences. As for the globe temperatures under the shade tree, they are lower than those in sunshine during the day and do not exceed 40°C. The difference between Z = 30 cm and Z = 100 cm is small.
At night they are similar to those at the pavement.
Relative humidity at Z=30 cm is not measured at the pavement. The influence of the difference in land covering materials and the height above the ground on relative humidity is small. Diurnal variation of relative humidity is Fig . 12 Comparisons of air te mpe rature, glo be temperature and relative humidity approximately opposite to that of air temperature. It is low during the day and high at night. It has a minimum value of about 50 % during the day.
2 Calculation of globe temperature
For a practical calculation of globe temperature by using the data of temperature, radiation and wind speed, the ( 3 ) where J is the incoming radiation, o=l and a,=4. 4 are assumed. Figure 13 shows the difference measured and calculated between globe temperature and air temperature at the pavement and the lawn in sunshine and under the shade tree. As a whole the calculations are close to the measured values. Especially for the globe exposed to direct solar radiation the globe temperatature can be predicted within an error of 0. 5°C. The difference between the measured and the calculated values under the tree is about 1. 5°C and it may be attributed to sunbeam through the leaves and the location of the pyrheliometer and the globe.
3 Overall thermal index
( 1 ) Wet-bulb globe temperature index based on the data People usually realize that solar radiation has considerable effects on thermal sensation in outdoor space.
Information on overall thermal indexes at a location exposed to direct solar radiation is little, while there are several indexes for an air-conditioned room. The authors take up the wet-bulb globe temperature index ( WBGT) which aims at the protection of sunstroke during army training and has appreciable use as a thermal index under hot conditions
•
The WBGT is decided mainly by the wet-bulb temperature tw and the globe temperature t. (for the location without direct solar radiation).
The data of tw, t 9 and t at the height of 100 cm shown in Fig. 12 are substituted into each term of Eq. ( 4 ) to calculate the WBGT. The WBGT's at the pavement and the lawn in sunshine are shown in Fig.14(a) , and the WBGT's at the pavement in sunshine and at the lawn in shadow are shown in Fig.14(b) .
During the day the WBG T at the lawn in sunshine is sometimes higher than that at the pavement by 1°C or so. It is and the level of activity=!. 2 met are assumed for the actual situation. Figure 15 shows the relation between the SET* and the WBGT obtained by using the data at 100 cm above the ground.
The WBGT and the SET*, obtained by using the data of thermal factors at the pavement, at the lawn in sunshine and under the shade tree, bear a fairly close correlation. The coefficient of correlation CO=O. 97. The SET* varies between 18 and 38°C, while the WBGT varies between 22 and 32°C. These two values are adequately expressed by a linear equation . Table 2 shows reference of the SET* to temperature sensation and comfort sensation 211 • According to the investigation on outdoor thermal environment and people's activity in several apartment and others, the situation of SET*=35°C seems to be a criterion of outdoor activity 221 • Here the value of WBGT for SET*=35'C is equivalent to 30°C.
It seems indeliberate to relate the SET* with the WBGT, since they are based on different design and calculations. The close correlation between the two are interesting, however. The relations between these two indexes and outdoor thermal sensation should be clarified in the future.
On the assumption that the effect of the shade by the buildngs is small between 900 and 1600 JST, data from another period are omitted from analysis in order to examine the frequency of each level of the WBGT at the three measuring sites. Figures 16(a) and 16(b) present the results in the form of histogram.
The mean WBGT at the lawn in sunshine is higher than that at the pavement by 0. 5'C or so. At the rate between 40
and 50 % the WBG T at the both sites exceeds 30'C. On the other hand the mean WBG T under the shade tree is lower than that at the pavement by 1. 5°C or so, and exceeds 30'C at the rate of 5 % or so. It implies the solar shading effect of the shade tree.
( 2) Influence of wind speed on WBGT Wind speed is dependent on the location. Especially in an urban canyon situated between buildings such as the canyon of this experiment, wind speeds at two neighboring points differ to a high degree 231 • Simultaneously 
WBGT, °C 17(b) are the histograms of the WBGT for various wind speeds. In Fig.17(a) the histogram of the WBG T at the pavement in sunshine is drawn. For v =O. 1 m/s ; i. e. under windless conditions, the mean WBGT is 32. 5°C. Forv=O. 5 m/s the mean WBGT drops by 1. 7'C or so. As the wind speed becomes higher, the mean WBGT becomes lower, but the change is decelerated. In Fig.17(b) the histogram of the WBGT under the shade tree is drawn. The mean WBGT is 29. 2'C for v= 0.1 m/s and 27. 9'C for v=3. 0 m/s. The influence of the wind speed on the WBGT is little in shadow as compared with sunshine. The WBGT exceeds 30'C at the rate of 30 % or so for v=0.1 m/s and 10 % and less for v=O. 5 m/s. Effects of slight wind are appreciable.
Conclusions
The surfaces of the experimental urban canyon consist of asphalt pavement, lawn and vegetation. Intensive observations have been undertaken under typical summerly weather conditions to clarify the heat balance at the surfaces and the thermal environment formed in the canyon. The results are summarized as follows :
( 1 ) During the day the convective heat flux H at the pavement is great and it is relatively proportional to the ( () 0 -t) value. The evaporative latent heat flux lE at the lawn is great and it is proportional to the ( X,-Xa) value to a certain degree.
( 2 ) As for the daytime heat balance at the surface, at the pavement approximately 60 % of the midday radiant surplus is lost as sensible heat to the air and the remaining 40 % is stored in the canyon materials. On the other hand, at the lawn approximately 15 % of the midday radiant surplus is lost as sensible heat to the air, approximately 35 % is stored in the canyon materials, and the remaining 50 % is consumed by evaporation from the lawn.
( 3) Regardless of direct solar radiation, the WBGT and the SET* in the urban canyon bear a fairly close correlation.
( 4 ) Influence of land covering materials on the overall thermal indexes is little ; the difference in the WBG T is 0. 5°C or so. Effect of solar shading by a tree is great; the WBGT under the shade is lower than that in sunshine by 1. 5°C or so and exceeds 30°C at a low rate. 
